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Abstract 
Copper(I) iodide and copper(I) bromide were reacted with polyamine ligands (L) 
to form crystals and bulk microcrystalline powders. The ligands included piperazine (Pip), 
N-methylpiperazine (MePip), N,N′-dimethylpiperazine (Me2Pip), N-ethylpiperazine 
(EtPip), N,N′-diethylpiperazine (Et2Pip), N,N′-dibenzylpiperazine (Bz2Pip), N,N′-bis-
phenethylpiperazine (Phen2Pip), 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,3,6,8-
tetraazatricylco[4.4.1.1
3,8
]dodecane (TATD), and hexamethylenetetramine (HMTA). 
Bulk microcrystalline powders were formed via reflux or an ambient temperature stirred 
reaction both in acetonitrile. Novel crystalline products were formed via a solvent 
diffusion technique also in acetonitrile. X-ray structures for (CuBr)(HMTA)·½MeCN and 
(CuI)2(TATD) are reported. Solid state characterization including thermogravimetric 
analysis (TGA) and elemental analysis for carbon, hydrogen, and nitrogen (CHN) was 
completed for all bulk microcrystalline products. Luminescence spectroscopy, including 
a quantum yield calculation, was completed for all bulk products exhibiting luminescence 
at ambient temperature.  
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Introduction 
 
Metal Organic Networks 
           Metal organic networks are polymeric frameworks featuring metal ions or clusters 
coordinated to organic ligands. Metal organic networks can be one, two, or three 
dimensional creating chains, nets, or sheets respectively. These networks self-assemble 
via coordinate covalent bonding, where the organic ligand donates electron density acting 
as the Lewis base, and the metal accepts electron density acting as the Lewis acid. Metal 
organic networks can be formed with a variety of metals and an even larger variety of 
organic ligands. The great variety of components leads to immense structural diversity 
within metal organic networks overall. Consequently, the selection of both components is 
purposeful. Theoretically, the selection of a specific ligand paired with a specific 
inorganic node would allow for design control of the structure formed. Moreover, 
structural diversity leads to greater diversity in physical and chemical properties, and 
control of the structure may allow for control of the properties of the network. Ideally, 
through selection of both the inorganic and organic components of the complex, 
properties (and by extension, applications) of metal organic networks can be specifically 
and purposefully designed.
1
 
Self-assembling networks benefit from the use of labile components which favor 
the formation of single products rather than mixtures.
1
 The labile nature of the metal 
allows for facile rearrangement to the thermodynamically favored product over the 
kinetically favored metastable products. However, a drawback of using a d
10
 metal, such 
as copper(I), is there is no preferred coordination geometry due to the lack of crystal field 
stabilization, which resulting in unpredictable network structures.
1
 Because of the lack of 
 2 
 
stereochemical demands of copper(I), electrostatic and molecular mechanical factors 
largely determine the coordination.
2
 Furthering the complexity of networks’ structure, 
polydentate ligands can either bridge or chelate. In general, chelation is 
thermodynamically favorable over bridging. In the current project, rigid ligand geometry 
prohibits chelation, and bridging occurs exclusively. The use of a rigid ligand can help 
partly control the unpredictable coordination geometry by fixing the relative orientation 
of the ligand lone pairs.
1
 Refer to Chart 1 for the organic ligands used. Because the 
structures of metal organic networks are so unpredictable, the determination of structural 
information for the interpretation of any other physical or chemical properties is highly 
dependent on single crystal X-ray crystallography.
1
   
The field of metal organic networks has grown tremendously since the 1990s.
3
 
With a wide range of potential applications including enantioselective separations, gas 
adsorption and storage, ion exchange and solubility, luminescent selective sensors, and 
catalysis, the exploration of these functional materials will likely continue to expand and 
grow.
1
 With respect to luminescent functional materials, the use of metal organic 
networks is particularly attractive because of the straightforward synthetic techniques, 
known structural information, and nanoscale processability.
4
 Highly precise structural 
information is critical for understanding luminescence as energy transfer within a 
material as luminescence depends on the orbital structure of the complex as well as 
intermolecular packing.
4
  
 3 
 
Chart 1: Diamine and tetramine organic ligands
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Copper(I) Networks 
 Studies of copper complexes have been ongoing for many decades with a 
particular focus on photochemical and photophysical characteristics of copper(I) 
complexes.
5
 Copper(I) is a particularly labile species with the electron configuration of 
[Ar] 3d
10
. The d
10
 electronic configuration allows for coordination numbers of less than 
five, and in this work, the copper is usually either three or four coordinate. The variable 
coordination number of copper(I) allows for a great variety in system geometry and an 
unpredictable stoichiometry in coordinated complexes. The electron configuration of 
copper(I) also expands the possibilities for luminescent behavior.
5
  Copper(I) can 
undergo a phenomenon known as π back-bonding. The electron rich metal and the low 
oxidation state contribute to causing this phenomenon. As stated previously, in general, 
the ligand acts as a Lewis base and the metal acts as a Lewis acid in coordination. 
However, in π back-bonding, the metal donates electron density back to the ligand into a 
π* orbital. Consequently, the bonds formed tend to be stronger and more stable.6 In 
addition to the chemical advantages, copper is relatively inexpensive compared to other 
transition metals with similar properties.  
Copper(I) Halides 
 Copper(I) halide species represent approximately a century’s worth of study.7 The 
replacement of singular metallic anions with inorganic clusters or aggregates, such as 
copper(I) halides, has extended the studies of metal organic networks. Copper(I) halide 
polymers have been studied for their applications in sorption, ion-exchange, catalysis, 
electromagnetism, and optical materials.
7
 The variety of available coordination numbers 
and the flexibility of halide coordination geometry has introduced great structural 
 5 
 
diversity in copper(I) halide complexes.
2
 The structural diversity of copper(I) halide 
aggregates stems from both thermodynamic and kinetic properties. Although crystal 
formation in inherently entropically disfavored, crystallization is enthalpically favored, 
and thus is thermodynamically favored overall at low temperatures. The formation of 
copper(I) halide complexes is understood to undergo kinetically fast 
associative/dissociative equilibria as well as a slow crystallization processes.
5
 The fast 
associative/dissociative equilibria can result in mixtures of products having different 
stoichiometries. To control the associative/dissociative equilibria, varying the reactant 
stoichiometry has been successful. In theory, because the different reactant 
stoichiometries control the solution equilibria, a specific product should be produced.
5 
  
When coordinated, copper(I) halides form various repeating structural elements 
including square Cu2X2 dimers, cubane or stepped cubane Cu4X4 tetramers, zigzag 
[CuX]n chains, and double stranded [Cu2X2]n ladders.
7,8
 See Chart 2 for examples of 
copper(I) halide structural motifs. With respect to the compounds presented in this paper, 
the metal centers comprise either cubane or rhomboid nodes. Cu4X4 cubane clusters have 
been widely studied for their luminescent properties when coordinated to nitrogen 
containing ligands.
7
  Refer to Figure 1 for literature examples of the coordinated copper(I) 
halide complexes.  
 6 
 
Chart 2: Coordinated copper(I) halide motifs 
 
Figure 1: Some literature structures of copper(I) halide complexes  
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  Copper(I) halides have provided diverse chemistry, but there are problems 
associated with these species. The problems center around oxidative instability and poor 
solubility.
5
 Firstly, oxidation from molecular oxygen from the air could lead to mixed-
valence copper(I/II) halides or potentially pure copper(II) halide complexes.
5
 Copper(I) 
bromide is more susceptible to oxidation than copper(I) iodide. Because iodide is a larger, 
softer, more polarizable species, the covalent interaction between copper(I) and iodide is 
more significant, and thus copper(I) iodide is more stable than copper(I) bromide. 
Similarly, copper(I) bromide is more stable than copper(I) chloride. In this study, 
copper(I) iodide is used without purification, but copper(I) bromide required purification 
to remove significant amounts of Cu(II) impurity.  
In addition to oxidation posing a problem, poor solubility of copper(I) species 
presents a significant obstacle for their use in metal-organic network synthesis. Copper(I) 
halides are only sparingly soluble in common organic solvents, except for acetonitrile, in 
which copper(I) halides are moderately soluble. Copper(I) halides are also moderately 
soluble in mineralized aqueous solutions, using the corresponding alkali metal halide salt 
(e.g. potassium iodide for copper(I) iodide).
5
 This relative lack of solubility hinders the 
implementation of conventional solution synthetic crystal-growth techniques.
5
 The 
experiments presented in this work rely on the solubility of copper(I) halides in 
acetonitrile.   
Diamine Ligands 
 Substituted piperazines are attractive as ligands for several reasons. Structurally, 
they introduce rigidity into the system based on their fixed geometry.
12
 Additionally, 
piperazine features two sites for metal coordination via the lone pair available on the each 
 8 
 
nitrogen which prevents chelation and promotes bridging.  Another attractive feature of 
many substituted piperazines is that they are available commercially. For those 
unavailable for purchase, however, their synthesis involves a straightforward reductive 
cyclization of diimines.
12
 The reductive cyclization allows for greater control diversity in 
the ligands chosen for complexation.  
Tetramine Ligands 
 Two tetramine ligands were studied in this project: 1,2,5,7-tetraazaadamantane, 
commonly known as hexamethylenetetramine (HMTA), and 1,3,6,8-
Tetraazatricyclo[4.4.1.1
3,8
]dodecane (TATD). HMTA has been studied as a ligand in 
metal-organic networks for several decades with the first recorded structure published in 
the early 1980s.
12
 HMTA presents a simple, cage-like building block for metal-organic 
networks that has exhibited great structural and topological diversity.
13 
Similarly to the 
piperazine ligands, the nitrogen lone pairs act as sites for coordination. HMTA is highly 
symmetric and rigid, which allows for great structural diversity. TATD provides another 
cage-like, and highly symmetric ligand to use in complexation. TATD is not 
commercially available, but is synthesized via a condensation reaction between 
ethylenediamine and formaldehyde in fairly good yield and purity.
14
 The choice of 
tetramine ligands introduces the potential for more structural diversity since each ligand 
can coordinate between one and four metal centers.  The use of tetramines often produces 
luminescent materials which introduces a potentially functional property of the 
material.
13
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Photoluminescence 
 Simply considered, photoluminescence involves the excitation from a ground 
state by means of photon absorption, followed by the relaxation of the resulting excited 
state back to the  ground state with concomitant emission of a photon. Between 
absorption and emission, the photon undergoes a measureable red shift. Two types of 
photoluminescence exist: fluorescence and phosphorescence. Fluorescence, a faster 
phenomenon, occurs when a singlet excited state relaxes to a singlet lower energy state. 
Fluorescence is quantum mechanically allowed. Phosphorescence is a slower process 
than fluorescence because phosphorescence occurs from an excited triplet excited state. 
The excited triplet state must first undergo a quantum mechanically forbidden spin 
inversion to an excited singlet state before the relaxation to the lower energy state can 
occur.
15
  Figure 2 depicts electronic transitions with a Jablonski diagram.  
  
 10 
 
Figure 2: Jablonski diagram of electronic transitions 
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Photophysical Properties of Copper(I) Compounds 
 Copper(I) complexes present rich photophysical behavior. Specifically, when a 
coordinating anion, such as a halide, is a component in copper(I) unit such as Cu2X2
 
or 
Cu4X4, greater complexity is introduced. When considering a multinuclear copper(I) 
halide compound, many transitions become potentially available including ligand to 
metal charge transfer (LMCT), metal to ligand charge transfer (MLCT), halide to ligand 
charge transfer (XLCT), and halide to metal charge transfer (XMCT). Additionally, 
cluster-centered (CC) excited states are common for tetrameric copper(I) iodide 
compounds. The term cluster-centered emphasizes the localization of the excited state on 
the inorganic cluster significantly independent of the ligand.
16
 Generally speaking, 
copper(I) iodide compounds exhibit both a lower energy (LE) emission and a higher 
energy (HE) emission. The LE emission involves orbitals delocalized over the inorganic 
cluster, and the HE emission involves π* orbitals of the ligands.2 With aliphatic ligands, 
such as those used in the current study, the HE emission does not occur because the 
necessary π* orbitals for the 3XLCT are not present.17 For many copper(I) compounds, 
the luminescence is environmentally sensitive with specific sensitivity to temperature. 
Lowered temperatures can result in significant and measurable shifts in emission, a 
phenomenon known as luminescence thermochromism.
2
 Measurements of luminescent 
thermochromism are typically performed at the temperature of liquid nitrogen, 77 K. In 
addition to an emission wavelength shift, luminescent thermochromism affects the 
relative intensities of the HE and LE emission. At 77 K, the HE emission greatly increase 
intensity, whereas at room temperature, the LE emission is more intense.
2
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Experimental  
Materials and Methods 
 All reagents were purchased from Aldrich or Acros and used without purification, 
except for ligands Bz2Pip,
18
 Phen2Pip,
18
 and TATD,
14
 which were prepared using 
modified literature methods, and CuBr which was recrystallized from HBr. Analyses for 
C, H, and N were carried out by Atlantic Microlabs, Norcross, GA. Thermogravimetric 
analyses (TGA) were conducted using a TA Instruments Q500 in the dynamic (variable 
temp.) mode with a maximum heating rate of 50 °C min
-1
, under 60 mL min
-1
 N2 flow.  
Ligand Synthesis  
 1,3,6,8-Tetraazatricyclo[4.4.1.1
3,8
]dodecane, (TATD).  Paraformaldehyde 
(21.485 g)  was added over 20 min to 374.37 mmol ethylenediamine ensuring the 
temperature of the mixture did not exceed 50 °C. After complete addition of 
paraformaldehyde, the mixture appeared cloudy and white in color, and the mixture 
became increasingly viscous. 15 mL of water was added slowly to homogenize the 
mixture.  To collect the product, the solution was placed in a crystallization dish to 
slowly evaporate away the water. Acetone was added to the solution to precipitate 
additional product. The mixture was then placed in the freezer overnight. The white 
precipitate was collected via vacuum filtration, rinsed with ethyl ether, and dried under 
vacuum (4.757 g, 28.315 mmol). 
1
H NMR (400 MHz, CDCl3) δ 3.25 (s, 8H), 3.97 (s, 8H). 
13
C (100 MHz, CDCl3) δ 58.49, 73.67. 
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Purification of Copper(I) Bromide 
 Approximately 30 g of impure green copper bromide were dissolved by stirring in 
50 mL of 12 M HBr. After the copper bromide was dissolved in the acid, the solution was 
slowly poured into approximately 1000 mL degassed H2O. The white copper(I) bromide 
precipitate was collected via vacuum filtration. The white precipitate was washed three 
times with 25 mL portions of 95% ethanol ensuring no exposure to air.  The white 
precipitate was then washed three times with 25 mL portions of diethyl ether, which was 
then filtered to dryness. The precipitate was protected from light exposure and dried 
under vacuum overnight.  
Bulk Syntheses 
(CuBr)3(Pip)2 (1). Piperazine (Pip, 0.431 g, 5.00 mmol) was dissolved in 25 mL 
of MeCN. CuBr (1.435 g, 10 mmol) was dissolved in a separate 50 mL portion of MeCN 
under N2. The solution of Pip was added to the CuBr solution via syringe.  A white 
precipitate formed within seconds of addition. The suspension was refluxed for 3 h to 
ensure complete reaction. The white precipitate was collected via vacuum filtration, 
washed with MeCN and ethyl ether, and dried under vacuum (4.646 mmol, 1.733 g, 
88.9 %). Anal. calcd for C8H20N4Cu3Br3: C, 15.94; H, 3.35; N, 9.30. Found: C, 16.01; H, 
3.10; N, 9.28.  
 (CuI)2(Pip) (2). The compound was prepared in an analogous fashion to 
(CuI)4(Pip)2, using 5.00 mmol of Pip and 10.0 mmol of CuI, yielding 2.335 g of product 
(4.459 mmol, 88.9%). Anal. calcd for C4H10N2Cu2I2: C, 10.29; H, 2.16; N, 6.00. Found: 
C, 10.51; H, 2.10; N, 5.97. TGA calcd for CuI: 79.2. Found: 79.7 (125-180 °C). 
 14 
 
(CuBr)4(MePip)2 (3).  The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of MePip and 10 mmol of  CuBr, yielding 1.143 g of 
product (1.477 mmol, 59.1%).  Anal. calcd for C10H24N4Cu4Br4: C, 15.52; H, 3.12; N, 
7.24. Found: C, 15.50; H, 3.16; N, 7.20.  
 (CuI)4(MePip)2 (4). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2,  using 5.00 mmol of MePip and 10.0 mmol of CuI, yielding 2.057 g of 
product (2.138 mmol, 75.8%). Anal. calcd for C10H24N4Cu4I4: C, 12.48; H, 2.51; N, 5.82. 
Found: C, 12.36; H, 2.39; N, 5.63. TGA calcd for CuI: 79.2. Found: 79.7 (125-180 °C). 
(CuBr)4(Me2Pip)2 (5). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of Me2Pip and 10.0 mmol of CuBr, yielding 1.561 g of 
product (1.946 mmol, 77.9%). Anal. calcd for C12H28N4Cu4I4: C, 17.97; H, 3.52; N, 6.98. 
Found: C, 18.23; H, 3.45; N, 6.98. TGA calcd for CuBr: 71.5. Found: 76.4 (135-180 °C). 
(CuI)4(Me2Pip)2 (6). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of Me2Pip and 10.0 mmol of CuI, yielding 2.171 g of 
product (2.193 mmol, 93.0%). Anal. calcd for C12H28N4Cu4I4: C, 14.58; H, 2.85; N, 5.66. 
Found: C, 14.57; H, 2.77; N, 5.67. TGA calcd for CuI: 76.9. Found: 77.1 (125-180 °C). 
(CuI)2(EtPip) (7). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of EtPip and 10.0 mmol of CuI, yielding 1.047 g of 
product (1.83 mmol, 54.9%). TGA calcd for CuI: 77.4. Found: 76.9 (145-180 °C). 
 15 
 
(CuBr)3(Et2Pip) (8). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of Et2Pip and 10.0 mmol of CuBr, yielding 1.240 g of 
product (2.167 mmol, 65.0%). TGA calcd for CuBr: 75.7. Found: 75.2 (135-180 °C). 
(CuI)2(Et2Pip) (9). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of Et2Pip and 10.0 mmol of CuI, yielding 2.171 g of 
product (2.193 mmol, 93.0%). Anal. calcd for C8H18N2Cu2I2: C, 14.58; H, 2.85; N, 5.66. 
Found: C, 14.57; H, 2.77; N, 5.67. TGA calcd for CuI: 76.9. Found: 77.1 (115-135 °C). 
(CuI)2(Bz2Pip) (10). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of Bz2Pip and 10.0 mmol of CuI, yielding 2.326 g of 
product (3.593 mmol, 71.9%). Anal. calcd for C18H22N2Cu2I2: C, 33.40; H, 3.43; N, 4.33. 
Found: C, 33.33; H, 3.39; N, 4.40. TGA calcd for CuI: 58.8. Found: 59.6 (150-190 °C). 
(CuI)2(Phen2Pip) (11). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 3.81 mmol of Phen2Pip and 7.57 mmol of CuI, yielding 1.295 g of 
product (1.918 mmol, 50.3%). Anal. calcd for C20H26N2Cu2I2: C, 35.57; H, 3.88; N, 4.15. 
Found: C, 35.61; H, 3.88; N, 4.14. TGA calcd for CuI: 56.4. Found: 57.1 (160-210 °C). 
(CuI)2(DABCO) (12). The compound was prepared in an analogous fashion to 
(CuBr)3(Pip)2, using 5.00 mmol of DABCO and 10.0 mmol of CuI, yielding 2.452 g of 
product (4.872 mmol, 98.5%). Anal. calcd for C6H12N2Cu2I2: C, 14.62; H, 2.45; N, 5.68. 
Found: C, 15.54; H, 2.42; N, 6.10. TGA calcd for CuI: 77.2. Found: 75.78 (150-190 °C). 
(CuBr)2(HMTA)1∙½MeCN (13a). The compound was prepared in an analogous 
fashion to (CuBr)3(Pip)2, using 5.00 mmol of HMTA and 10.0 mmol of CuBr, yielding 
 16 
 
1.889 g of product (4.220 mmol, 84.6%). Anal. calcd for C8H15N5Cu4Br4: C, 18.78; H, 
3.04; N, 14.08. Found: C, 18.50; H, 2.99; N, 13.83. TGA calcd for CuBr: 64.1. Found: 
68.2 (250-270 °C). 
 (CuBr)(HMTA)∙½MeCN (13b).  HMTA (0.701 g, 5.00 mmol) was dissolved in 
25 mL of MeCN. CuBr (0.717 g, 5.00 mmol) was dissolved in a separate 50 mL portion 
of MeCN under N2. The solution of HMTA was added to the CuBr solution via syringe.  
A white precipitate formed within seconds of addition. The suspension was stirred at 
room temperature for 3 h to ensure complete reaction. The white precipitate was collected 
via vacuum filtration, washed with MeCN, CH2Cl2, and ethyl ether, and dried under 
vacuum. (3.337 mmol, 0.946 g, 66.7%). Anal. calcd for C8H15N5Cu2Br2: C, 20.53; H, 
3.23; N, 14.96. Found: C, 21.02; H, 3.43; N, 15.28. TGA calcd for CuI: 47.1. Found: 51.0 
(275-305 °C). 
(CuI)3(HMTA)1∙ ¼MeCN (14a). The compound was prepared in an analogous 
fashion to (CuBr)3(Pip)2, using 5.00 mmol of HMTA and 20.0 mmol of CuI, yielding 
3.664 g of product (4.779 mmol, 94.8%). Anal. calcd for C26H51N17Cu12I12: C, 10.82; H, 
1.78; N, 8.25. Found: C, 11.01; H, 1.95; N, 8.46. TGA calcd for CuI: 73.2. Found: 72.3 
(250-275 °C). 
(CuI)(HMTA) (14b).  The compound was prepared in an analogous fashion to 
(CuBr) (HMTA)∙½MeCN, using 5.00 mmol of HMTA and 5.00 mmol of CuI, yielding 
3.664 g of product 3.441 mmol, 1.137g, 68.8 %). Anal. calcd for C6H12N4Cu1I1: C, 21.80; 
H, 3.66; N, 16.95. Found: C, 22.49; H, 3.67; N, 16.88. TGA calcd for CuI: 62.2. Found: 
63.5 (250-275 °C). 
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 (CuI)2(TATD)1∙1½MeCN (15). The compound was prepared in an analogous 
fashion to (CuI)1(HMTA)1, using 5.00 mmol of  TATD and 10.0 mmol of CuI, yielding 
1.733 g of product (4.646 mmol, 88.9 %). Anal. calcd for C22H41N11Cu6I6: C, 21.63; H, 
3.38; N, 12.61. Found: C, 21.89; H, 3.49; N, 12.61. TGA calcd for CuI: 62.2. Found: 63.5 
(275-325 °C). 
Crystal Growth 
Ligand (1.00 mmol) and CuX (2.00 mmol), where X is I or Br, were combined in 
5 mL of MeCN. The mixture was purged with Ar and placed in a thick-walled tube (Ace 
Glass 8648-03).  The mixture was heated for 72 h. After cooling, the mixture was filtered 
and washed with ethyl ether.  Single crystal X-ray diffraction quality crystals were 
isolated from several reactions. This procedure produced crystals of (CuBr)4(MePip)2, 
(CuI)4(MePip)3, (CuBr)4(Me2Pip)2, (CuI)4(Me2Pip)2, (CuI)2(Et2Pip)1, (CuI)2(Bz2Pip)1. 
Crystals of (CuI)2(Phen2Pip)1, (CuBr)2(HMTA)1∙½MeCN, and (CuI)2(TATD)1∙1½MeCN 
were produced by layering MeCN solutions of ligand (20 mM) over CuX (40 mM) in 5 
mm i.d. tubes.  
X-Ray Structure Determination  
Single crystal determination were carried out using a Bruker SMART Apex II 
diffractometer using graphite-monochromated Cu Kα radiation.20 The data were 
corrected for Lorentz and polarization 
21
 effects and absorption using SADABS.
22
 The 
pictures were solved by use of direct methods or Patterson map. Least squares refinement 
on F
2
 was used for all reflections. Structure solution, refinement and the calculation of 
derived results were performed using the SHELXTL
23
 packaged of software. The non-
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hydrogen atoms were refined anisotropically. In all cases, hydrogen atoms were located 
and then placed in theoretical positions.    
Powder X-Ray Analysis 
Powder diffraction analysis was carried out on a Bruker SMART Apex II 
diffractometer using graphite-monochromated Cu Kα radiation.20 Well-ground powder 
samples were mulled with Paratone N oil. Four frame were collected, covering 2θ range 
of 5-100°. The data were processed using DIFFRAC-Plus and EVA software.
24
  
Results and Discussion 
 The current project aims to produce and characterize novel copper(I) halide 
complexes with polyamine ligands. With the production of new complexes, interesting 
structural and photophysical properties can be explored. The use of X-ray crystallography 
provides significant and thorough data of the solid state of the crystalline products. 
Additional solid state analytical techniques were used to further characterize the bulk 
microcrystalline products. Luminescence spectroscopy was used to begin the exploration 
of the photophysical properties of the novel complexes. More advanced analysis of the 
photophysics behind the luminescence, including computational results, although 
valuable, is beyond the scope of the current project.  
Ligand Synthesis 
 In order to introduce greater diversity in the ligands selected for complexation, 
organic synthesis becomes necessary. Because TATD is not commercially available, it 
was synthesized via a condensation reaction of paraformaldehyde and ethylenediamine. 
A modified literature procedure, the synthesis produced TATD in fairly high purity and 
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high yield. Scheme 1 represents the condensation reaction. For the synthesis, the 
procedure is relatively straightforward: solid paraformaldehyde was added into pure 
liquid ethylenediamine. The paraformaldehyde depolymerized, and then was available to 
react with the ethylenediamine. The depolymerization of paraformaldehyde is exothermic, 
and consequently, an ice bath was used to limit the temperature from rising beyond 50 ºC, 
as described in the literature procedure.
14
 The resulting heterogeneous mixture was highly 
viscous and a cloudy white color. Additional water was added to the mixture to 
homogenize it. Water was used instead of isopropyl alcohol used in the literature 
synthesis. Because four water molecules are produced in the condensation reaction 
adding additional water does not introduce a new species into the mixture. Also, TATD is 
readily soluble in water. Acetone was used to recrystallize the TATD, and the resulting 
white highly crystalline solid was then collected via vacuum filtration.  
 
Scheme 1: Condensation reaction to form TATD 
 
To confirm the identity and purity of the product, both proton and carbon NMR spectra 
were obtained. The remarkable symmetry of TATD yields only two peaks for both proton 
and carbon NMR. The proton and carbon NMR can be found in Figure 3 and Figure 4 
respectively.  
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Figure 3: 
1
H NMR spectrum for TATD 
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Figure 4: 
13
C NMR spectrum for TATD 
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Reflux Synthesis of Copper(I) Halide Compounds 
 In order to produce bulk homogenous products, reflux synthesis was used for both 
copper(I) iodide and copper(I) bromide compounds.  For these reactions, the copper(I) 
halide was first dissolved fully in acetonitrile. While being vigorously stirred, a solution 
of the ligand was then added in a drop-wise fashion to the copper(I) halide solution. 
Typically, a precipitate would form immediately or within minutes. The complex 
formation was also usually accompanied by a color change of the solution. Before ligand 
is introduced, copper(I) bromide solutions have a pale green color, and copper(I) iodide 
solutions exhibit a slightly yellow color.   
 Although the product complexes tended to precipitate within a relatively short 
time frame, the reflux was continued for three hours to encourage complete reaction. 
Because copper(I) species, and particularly copper(I) bromide in this case, are susceptible 
to oxidation to the more stable copper(II) oxidation state, all reactions were performed 
under a N2 gas. All products were collected via vacuum filtration and rinsed twice: first 
with additional acetonitrile to remove any unreacted starting material, and then secondly 
with diethyl ether to dry the product. All reactions produced fine microcrystalline 
powders.  
 In order to interrogate whether or not different stoichiometries of the copper(I) 
halide-tetramine complexes formed, ambient temperature reactions were pursued in 
addition to refluxes. Because tetramine ligands can, in theory, coordinate up to four metal 
centers, the ratio of copper(I) halide was varied relative to the ligand. The four mixing 
stoichiometries were attempted at both reflux and ambient temperature. All product 
complexes with diamine ligands were prepared in a 2:1 CuX:Ligand mixing 
stoichiometry exclusively according to the reflux procedure. 
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All reflux and stirred products were characterized via carbon, hydrogen, nitrogen 
(CHN) analysis, and thermogravimetric analysis (TGA) to determine stoichiometry. X-
ray powder diffraction was used to match against calculated powder diffraction when a 
crystal was available. X-ray powder diffraction was also used to detect different phases of 
the tetramine complexes when other characterization techniques such as TGA were 
inconclusive. A summary of product stoichiometries determined from reflux synthesis 
can be found in Table 1 for all ligands except HMTA and Table 2 for tetramine ligands 
exclusively. Table 3 contains summarized CHN results, Table 4 contains summarized 
TGA results, and  Table 7 contains summarized luminescence spectroscopy results.  
With respect to HMTA as the ligand, the results were as follows: 
(CuBr)2(HMTA)·½MeCN was the only confirmed product that resulted from copper(I) 
bromide and HMTA refluxed products. For stirred products, a (CuBr)(HMTA)∙½MeCN 
product was confirmed, a result which matches the crystal stoichiometry. For copper(I) 
iodide and HMTA, two stoichiometries have been confirmed: (CuI)(HMTA) and 
(CuI)3(HMTA)·¼MeCN. The reflux product for copper(I) iodide and HMTA exclusively 
produced the 3:1 solvate stoichiometry, whereas when the reaction was stirred at ambient 
temperature, a 1:1 stoichiometry resulted. There has been no successful crystallization of 
any copper(I) iodide-HMTA product to use for comparison of stoichiometry. The reflux 
products of copper(I) iodide and HMTA were confirmed as consisting of the same phase 
via X-ray powder diffraction. An overlay of the four traces can be found in Figure 5. 
With respect to TATD as the  ligand, the results were less diverse. The only confirmed 
product for all copper(I) iodide and TATD reactions was the 2:1 stoichiometry, which 
matches the crystal stoichiometry.  
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Table 1: Reflux Synthesis Stoichiometries 
Ligand CuBr:Ligand CuI:Ligand 
Pip 3:2 (1) 2:1 (2) 
   
MePip 2:1 (3) 2:1 (4) 
   
Me2Pip 2:1 (5) 2:1 (6) 
   
EtPip * 2:1 (7) 
   
Et2Pip 3:1 (8) 2:1 (9) 
   
Bz2Pip * 2:1 (10) 
   
Phen2Pip   * 2:1 (11) 
   
DABCO * 2:1 (12) 
   
*stoichiometry of product not confirmed  
Table 2: CuX:Tetramine product results 
CuX:Ligand mixing 
ratio 
Confirmed 
Stoichiometry 
Percent 
Yield (%) 
TGA Expt, 
Theo (%) 
CuBr:HMTA 1:1 1:1 87.8 51.0, 47.2 
2:1 2:1·½MeCN 89.9 68.2, 64.2 
3:1 2:1·½MeCN 85.4 65.2, 64.2 
4:1 2:1·½MeCN 84.2 67.2, 64.2 
CuI:HMTA 1:1 1:1 87.3 60.2, 57.6 
2:1 3:1·¼MeCN 77.0 82.5, 80.3 
3:1 3:1·¼MeCN 87.3 81.0, 80.3 
4:1 3:1·¼MeCN 94.8 84.0, 80.3 
CuI:TATD 1:1 2:1·1½MeCN 91.6 63.3, 69.4 
2:1 2:1·1½MeCN 86.9 69.2, 69.4 
3:1 2:1·1½MeCN 88.7 69.3, 69.4 
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4:1 2:1·1½MeCN 85.6 68.3, 69.4 
 
Table 3: Summarized CHN data. All products resulted from the reflux procedure except 
13b and 14b. 
Compound %C, (expt, theo) %H, (expt, theo) %N, (expt, 
theo) 
(CuBr)3(Pip)2, (1) 16.01, 15.94 3.10, 3.35 9.28, 9.30 
(CuI)2(Pip)1, (2) 10.51, 10.29 2.10, 2.16 5.97, 6.00 
(CuBr)4(MePip)2, (3) 15.50, 15.52 3.16, 3.12 7.20, 7.24 
(CuI)4(MePip)2, (4) 12.36, 12.48 2.39, 2.51 5.63, 5.82 
(CuBr)4(Me2Pip)2, (5) 18.23, 17.97 3.45, 3.52 6.98, 6.98 
(CuI)4(Me2Pip)2, (6) 14.57, 14.58 2.77, 2.85 5.67, 5.66 
(CuI)2(Et2Pip), (9) 18.34, 18.37 3.37, 3.47 5.32, 5.35 
(CuI)2(Bz2Pip), (10) 33.33, 33.40 3.39, 3.43 4.40, 4.33 
(CuI)2(Phen2Pip), (11) 35.61, 35.57 3.88, 3.88 4.14, 4.15 
(CuI)2(DABCO) (12) 15.54, 14.62 2.42, 2.45 6.10, 5.68 
(CuBr)2(HMTA)∙½MeCN, 
(13a) 
18.50, 18.78 2.99, 3.04 13.83, 14.08 
(CuBr)(HMTA)∙½MeCN, (13b) 21.02, 20.53 3.43, 3.23 15.28, 14.96 
(CuI)3(HMTA)∙¼MeCN, (14a) 11.01, 10.82 1.95, 1.78 8.46, 8.25 
(CuI)(HMTA), (14b) 22.49, 21.80 3.67, 3.66 16.88, 16.95 
(CuI)2(TATD)∙1½MeCN, (15). 21.89, 21.63 3.49. 3.38 12.61, 12.61 
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Figure 5: PXRD of copper(I) iodide and HMTA reflux products. 
 
Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) provides a simple and powerful technique to 
determine the stoichiometry of these copper(I) halide complexes. The TGA traces that 
yielded interpretable data display a smooth mass loss step corresponding to a 
decomposition event  wherein the complex loses the organic component within a given 
temperature range. Because the temperature at which the organic component is lost for 
these compounds is significantly lower than the temperature at which the copper(I) halide 
decomposes, the mass percent corresponding to the copper(I) halide can be calculated.  
This analytical technique is straightforward in both procedure and interpretation, 
provided that the compounds decompose in an interpretable fashion. In the current 
project, copper(I) bromide complexes were much more likely to decompose in an 
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inconclusive fashion, resulting in TGA data that were uninformative for stoichiometric 
determination. For the compounds that decomposed in an informative fashion, the 
diamine complexes typically decomposed between 125-200 °C and the tetramine 
complexes typically decomposed at slightly elevated temperatures between 250-325 °C. 
A summary of TGA data is available in Table 4. An overlay of the TGA traces for all 
mixing stoichimetries of copper(I) iodide and TATD can be found in Figure 6.  
Table 4: Summary of TGA results for CuX complexes 
Compound Temperature range 
for ligand loss, °C 
Mass Percent of CuX 
(Theoretical) 
(CuBr)2(Me2Pip), (5) 125-180 76.4 (71.5) 
   
(CuBr)3(Et2Pip), (9) 135-180 75.2 (75.7) 
   
(CuBr)2(HMTA)·½MeCN, (13a) 250-270 68.2 (64.2) 
   
(CuBr)(HMTA)·½MeCN, (13b) 
 
(CuI)2(Pip), (2) 
275-305 
 
125-180 
51.0 (47.2) 
 
82.9 (91.6) 
   
(CuI)2(MePip), (4) 145-180 79.7 (79.2) 
   
(CuI)2(Me2Pip), (6) 160-180 77.1 (76.9) 
   
(CuI)2(EtPip), (7) 145-180 77.4 (76.9) 
   
(CuI)2(Et2Pip), (9) 115-135 73.5 (72.8) 
   
(CuI)2(Bz2Pip), (10) 150-190 59.7 (58.8) 
   
(CuI)2(Phen2Pip), (11) 160-210 57.1 (56.4) 
   
(CuI)2(DABCO) , (12) 150-190 75.8 (77.2) 
   
(CuI)3(HMTA)·½MeCN, (14a) 250-275 72.3 (73.2) 
   
(CuI)(HMTA), (14b) 250-275 60.2 (57.6) 
   
(CuI)2(TATD)·1½MeCN, (15) 285-325 63.5 (62.2) 
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Figure 6: TGA trace overlay of copper(I) iodide and TATD at various mixing 
stoichiometries, reflux procedure. 
 
Crystallization of Copper(I) Halide Compounds 
 Two procedures were used to produce X-ray quality crystals. Solventothermal 
conditions and a solution diffusion technique have both successfully formed crystals in 
certain cases. For the solventothermal reaction, a mixture of the copper(I) halide and the 
desired ligand in acetonitrile was combined in a thick-walled glass pressure tube and 
heated without stirring in an oven at 100 ºC for 72 hours. The resulting product was 
collected via vacuum filtration and was rinsed with additional acetonitrile and diethyl 
ether. While solventothermal conditions produced crystals for many complexes, other 
reactions produced heterogeneous microcrystalline powders.
17
 For the compounds for 
which solventothermal conditions failed, a solvent diffusion technique sometimes 
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produced X-ray quality crystals. In the diffusion technique acetonitrile solutions were 
layered in 5 mm inside diameter crystallization tubes with the copper(I) halide solution in 
on the bottom and the ligand solution on the top. The diffusion took place over several 
days at room temperature, and X-ray quality crystals were produced for 
(CuBr)(HMTA)·½MeCN, and (CuI)4(TATD)2.  
X-Ray Crystallography  
(CuBr)(HMTA)·½MeCN Network 
 The network of (CuBr)(HMTA)·½MeCN (13b) network crstallizes in the 
orthorhombic space group, Pnma. Crystal structure and refinement data for 13b is 
available in Table 5a. A relatively simple network, 13b consists of extended 1D chains. 
The chains consist of copper(I) bromide rhomboid dimers linked by pairs of HMTA 
ligands. Although HMTA can potentially coordinate up to four coppers, HMTA acts as a 
bidentate bridging ligand in this structure. The Cu···Cu interactions at 2.8572(8) Å are 
slightly greater than the van der Waals radius sum of 2.8 Å, which indicates that there are 
not significant Cu···Cu interactions within the Cu2Br2 rhomboid. Selected bond lengths 
and angles for 13b are available in Table 5b. In past structures reported by the Pike 
group, sub van der Waals radii were often reported for rhomboid dimer-containing 
structures.
17
 In previous structures the rhomboids were seen with bulkier substitutions on 
the ligand such as the structures for 10 and 11.
17
 Thus, it is somewhat unexpected for 
HMTA to force rhomboid inorganic nodes because it is a more dense, sphere-like ligand. 
The chains are comprised of small rings consisting of pairs of HMTA ligands and pairs of 
rhomboid nodes. Figure 5 features a diagram of the packing for 13b network. The 
adjacent chains are rotated approximately 90º relative to one another, which can be seen 
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in Figure 7. Notably, 13b is a solvate, containing one half MeCN molecule per formula 
unit. The disordered acetonitrile molecule is embedded in the crystal structure and is 
oriented in the same direction as the chains. Because the network self-assembled in an 
acetonitrile solution, the presence of solvent of crystallization is not unexpected. The X-
ray powder diffraction for 13b, the calculated and experimental patterns do not correlate 
sufficiently to conclude that the bulk powder product and the crystalline product phases 
match. Thus, a different phase must exist, which is not unexpected because the crystal is 
a solvate and the powder does not show evidence of solvent, based on CHN results. The 
calculated pattern can be found in Figure 7 and the experimental pattern can be found in 
Figure 8. 
Table 5a. Crystal data and structure refinement for 13b 
Parameter Value 
Empirical formula C7H13.5BrCuN4.50 
Formula weight  304.17 
Temperature 100(2) K 
Wavelength 1.54178 Å 
Crystal system, space group  Orthorhombic, Pnma 
Unit cell dimensions  a = 11.6791(2) Å   α = 90 º 
b = 11.8969(3) Å    β = 90 º 
c = 14.3529(3) Å   γ = 90 º 
Volume 
Z, Calculated density       
Absorption coefficient  
F(000)  
Crystal size   
1994.27(7) Å 
8,  2.026 Mg/m
3
 
7.496 mm
-1
 
1208 
0.36 × 0.17 × 0.13 mm 
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Theta range for data collection    
Limiting indices     
Reflections collected / unique  
Completeness to theta = 66.98           
Max. and min. transmission         
Refinement method        
Data / restraints / parameters     
Goodness-of-fit on F
2
 
Final R indices [I>2sigma(I)]      
R indices (all data)       
Extinction coefficient             
Largest diff. peak and hole        
4.83 to 66.98 º 
−13<=h<=13, −11<=k<=13, 
−17<=l<=17 
21017 / 1830 [R(int) = 0.0358] 
98.1 % 
0.4518 and 0.1728 
Full-matrix least-squares on F
2
 
1830 / 6 / 155 
1.086 
R1 = 0.0225, wR2 = 0.0595 
R1 = 0.0236, wR2 = 0.0602 
0.00052(4) 
0.505 and -0.277 e.A
-3
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Table 5b. Bond lengths [Å] and angles [º] for 13b 
 
Br(1)-Cu(1)#1               2.4782(4) 
Br(1)-Cu(1)                   2.4898(5) 
Cu(1)-N(1)                    2.111(2) 
Cu(1)-N(4)                    2.114(2) 
Cu(1)-Br(1)#1               2.4782(4) 
Cu(1)-Cu(1)#1              2.8572(8) 
N(1)-C(3)                     1.479(3) 
N(1)-C(2)                     1.497(3) 
N(1)-C(1)                     1.498(3) 
N(2)-C(2)                     1.463(3) 
N(2)-C(2)#2                 1.463(3) 
N(2)-C(4)                     1.473(4) 
N(3)-C(1)                     1.456(3) 
N(3)-C(1)#2                 1.456(3) 
N(3)-C(4)                     1.474(4) 
N(4)-C(6)                     1.485(3) 
N(4)-C(7)                     1.492(3) 
N(4)-C(5)                     1.498(3) 
N(5)-C(5)                     1.457(3) 
N(5)-C(5)#3                 1.457(3) 
N(5)-C(8)                     1.478(5) 
N(6)-C(7)                     1.460(3) 
N(6)-C(7)#3                 1.460(3) 
N(6)-C(8)                     1.466(5) 
C(3)-N(1)#2                 1.479(3) 
C(6)-N(4)#3                 1.485(3) 
N(7)-N(7)#4                 0.888(17) 
N(7)-C(9)                     1.107(15) 
N(7)-C(9)#4                 1.193(16) 
C(9)-N(7)#4                 1.193(16) 
C(9)-C(10)                   1.465(11) 
C(10)-C(10)#2             1.148(15) 
              
Cu(1)#1-Br(1)-Cu(1)         70.215(16) 
N(1)-Cu(1)-N(4)                112.62(8) 
N(1)-Cu(1)-Br(1)#1           104.80(6) 
N(4)-Cu(1)-Br(1)#1           112.25(6) 
N(1)-Cu(1)-Br(1)               111.90(6) 
N(4)-Cu(1)-Br(1)               105.60(6) 
Br(1)#1-Cu(1)-Br(1)          109.785(16) 
N(1)-Cu(1)-Cu(1)#1          123.14(6) 
N(4)-Cu(1)-Cu(1)#1          124.25(6) 
Br(1)#1-Cu(1)-Cu(1)#1     55.083(13) 
Br(1)-Cu(1)-Cu(1)#1         54.702(15) 
C(3)-N(1)-C(2)                  107.0(2) 
C(3)-N(1)-C(1)                  107.7(2) 
C(2)-N(1)-C(1)                  107.54(18) 
C(3)-N(1)-Cu(1)                112.33(15) 
C(2)-N(1)-Cu(1)                110.99(14) 
C(1)-N(1)-Cu(1)                111.11(14) 
C(2)-N(2)-C(2)#2              108.7(3) 
C(2)-N(2)-C(4)                  108.47(18) 
C(2)#2-N(2)-C(4)              108.47(18) 
C(1)-N(3)-C(1)#2              108.7(3) 
C(1)-N(3)-C(4)                  108.73(18) 
C(1)#2-N(3)-C(4)              108.73(18) 
C(6)-N(4)-C(7)                  107.4(2) 
C(6)-N(4)-C(5)                  107.3(2) 
C(7)-N(4)-C(5)                  107.76(18) 
C(6)-N(4)-Cu(1)                111.44(15) 
C(7)-N(4)-Cu(1)                109.98(14) 
C(5)-N(4)-Cu(1)                112.68(14) 
C(5)-N(5)-C(5)#3              108.9(3) 
C(5)-N(5)-C(8)                  108.64(18) 
C(5)#3-N(5)-C(8)              108.64(18) 
C(7)-N(6)-C(7)#3              108.9(3) 
C(7)-N(6)-C(8)                  108.85(18) 
C(7)#3-N(6)-C(8)              108.85(18) 
N(3)-C(1)-N(1)                  112.2(2) 
N(2)-C(2)-N(1)                  112.2(2) 
N(1)#2-C(3)-N(1)              113.2(3) 
N(2)-C(4)-N(3)                  111.9(3) 
N(5)-C(5)-N(4)                  112.1(2) 
N(4)#3-C(6)-N(4)              112.7(3) 
N(6)-C(7)-N(4)                  111.9(2) 
N(6)-C(8)-N(5)                  111.6(3) 
N(7)#4-N(7)-C(9)              72.5(16) 
N(7)#4-N(7)-C(9)#4          62.3(16) 
C(9)-N(7)-C(9)#4              134.8(9) 
N(7)-C(9)-N(7)#4              45.2(9) 
N(7)-C(9)-C(10)                170.2(10) 
N(7)#4-C(9)-C(10)            141.3(9) 
C(10)#2-C(10)-C(9)          170.2(3) 
           
_________________________________  
 Symmetry transformations used to 
generate equivalent atoms: 
#1 -x+1,-y,-z+1    #2 x,-y+1/2,z    #3 x,-
y-1/2,z   #4 -x,-y,-z+1 
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Figure 7: (CuBr)(HMTA)∙½MeCN network packing diagram. Hydrogen atoms and 
disordered MeCN omitted for clarity. Ligand shown as wireframe. Color scheme in 
Figures 7, 8, 11, 12: Cu orange, Br gold, I purple, N blue, C gray.  
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Figure 8: (CuBr)(HMTA)∙½MeCN network with a single chain viewed. Hydrogen atoms 
and disordered MeCN omitted for clarity. Ligand is shown as wireframe. See Figure 7 
for color scheme.  
 
Figure 9: Calculated X-ray powder diffraction of 13b 
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Figure 10: Experimental X-ray powder diffraction of 13b  
 
(CuI)4(TATD)2 Network 
The network of (CuI)4(TATD)2 (15) network crystallizes in the orthorhombic 
space group, Pbcn. Crystal structure and refinement data for 15 are available in Table 6a. 
Showing a more complex network than 13b, 15 consists of a series of 2D sheets. Each 
sheet consists of four Cu4I4 cubane units connected into small rings by eight total ligands. 
Similar to the behavior of HMTA in 13b, TATD acts a bidentate bridging ligand in this 
structure despite its ability to coordinate up to four metals. In 15, the inorganic node is a 
distorted cubane, which is a fairly typical motif for copper(I) halides. The Cu···Cu 
interactions of 2.683(2) Å are within the van der Waals radius sum for copper of 2.8 Å. 
Thus, there are significant interactions between the copper atoms in the cubanes. The 
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copper atoms in this structure feature distorted tetrahedral geometry with angles ranging 
from 103.4(2) to 118.49(6)º. Selected bond lengths and angles for 15 are available in 
Table 6b. Figure 11 features a network packing diagram for 15, and Figure 12 features 
the repeat unit in a simpler view. Although the structure is comprised of linked rings, it 
has limited porosity because the rings are relatively small. With respect to X-ray powder 
diffraction of the bulk product, the calculated powder diffraction pattern does not provide 
a significant match to the experimental pattern. Thus, although the stoichiometries for 
both the bulk product and the crystal agree, the PXRD results suggest that there may be 
another phase of the same stoichiometry for 15. Figure 13 features the calculated X-ray 
powder diffraction pattern for 15, and Figure 14 features the experimental X-ray powder 
diffraction pattern for 15. 
 
Table 6a.  Crystal data and structure refinement for 15 
Parameter Value 
Empirical formula C16H32Cu4I4N8 
Formula weight  1098.26 
Temperature 100(2) K 
Wavelength 1.54178 Å 
Crystal system, space group  Orthorhombic, Pbcn 
Unit cell dimensions  a = 25.1825(5) Å α = 90 º 
b = 16.6097(3) Å β = 90 º 
c = 15.0730(3) Å γ = 90 º 
Volume 
Z, Calculated density       
6304.6(2) Å
3
 
8,  2.314 Mg/m
3
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Absorption coefficient  
F(000)  
Crystal size   
Theta range for data collection    
Index ranges  
Reflections collected / unique  
Completeness to theta = 51.81°           
Absorption correction 
Max. and min. transmission         
Refinement method        
Data / restraints / parameters     
Goodness-of-fit on F
2
 
Final R indices [I>2sigma(I)]      
R indices (all data)       
Largest diff. peak and hole        
33.946 mm
-1
 
4096 
0.27 x 0.16 x 0.08 mm3 
3.51 to 51.81 º 
-25<=h<=23, -16<=k<=16, -15<=l<=15 
37947 / 3489 [R(int) = 0.0734] 
99.5 % 
Numerical 
0.1627 and 0.0397 
Full-matrix least-squares on F
2
 
3489 / 0 / 286 
1.089 
R1 = 0.0445, wR2 = 0.1243 
R1 = 0.0465, wR2 = 0.1262 
3.053 and -1.186 e.Å-3 
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Table 6b.   Bond lengths [Å] and angles 
[°] for 15. 
_________________________________ 
I(1)-Cu(3)  2.6501(18) 
I(1)-Cu(1)  2.6865(16) 
I(1)-Cu(2)  2.7030(16) 
I(2)-Cu(2)  2.6680(16) 
I(2)-Cu(3)  2.7043(19) 
I(2)-Cu(4)  2.7088(17) 
I(3)-Cu(1)  2.6535(16) 
I(3)-Cu(4)  2.6999(17) 
I(3)-Cu(3)  2.7168(19) 
I(4)-Cu(4)  2.6505(19) 
I(4)-Cu(2)  2.6894(16) 
I(4)-Cu(1)  2.7178(16) 
Cu(1)-N(1)  2.106(8) 
Cu(1)-Cu(2)  2.574(2) 
Cu(1)-Cu(3)  2.686(2) 
Cu(1)-Cu(4)  2.722(2) 
Cu(2)-N(2)  2.102(9) 
Cu(2)-Cu(3)  2.603(2) 
Cu(2)-Cu(4)  2.768(2) 
Cu(3)-N(5)  2.138(10) 
Cu(3)-Cu(4)  2.683(2) 
Cu(4)-N(6)  2.165(10) 
N(1)-C(5)  1.478(13) 
N(1)-C(2)  1.489(13) 
N(1)-C(1)  1.512(13) 
N(2)-C(6)  1.477(13) 
N(2)-C(4)  1.499(13) 
N(2)-C(3)  1.500(13) 
N(3)-C(3)  1.443(14) 
N(3)-C(1)#1  1.459(13) 
N(3)-C(7)  1.461(14) 
N(4)-C(4)  1.459(13) 
N(4)-C(8)  1.462(13) 
 
 
N(4)-C(2)#1  1.471(13) 
N(5)-C(10)  1.456(17) 
N(5)-C(9)  1.465(16) 
N(5)-C(13)  1.487(14) 
N(6)-C(9)#2  1.451(16) 
N(6)-C(11)  1.474(16) 
N(6)-C(15)  1.496(16) 
N(7)-C(16)  1.428(17) 
N(7)-C(12)  1.440(15) 
N(7)-C(10)  1.462(16) 
N(8)-C(14)#2  1.428(18) 
N(8)-C(11)  1.445(16) 
N(8)-C(12)#2  1.508(15) 
C(1)-N(3)#3  1.458(13) 
C(16)-C(15)#2  1.521(18) 
C(2)-N(4)#3  1.471(13) 
C(5)-C(6)#3  1.516(16) 
C(6)-C(5)#1  1.516(16) 
C(7)-C(8)  1.500(17) 
C(9)-N(6)#2  1.451(16) 
C(12)-N(8)#2  1.508(15) 
C(13)-C(14)  1.562(16) 
C(14)-N(8)#2  1.429(18) 
C(15)-C(16)#2  1.521(18) 
 
Cu(3)-I(1)-Cu(1) 60.43(5) 
Cu(3)-I(1)-Cu(2) 58.17(5) 
Cu(1)-I(1)-Cu(2) 57.06(5) 
Cu(2)-I(2)-Cu(3) 57.95(5) 
Cu(2)-I(2)-Cu(4) 61.95(5) 
Cu(3)-I(2)-Cu(4) 59.41(5) 
Cu(1)-I(3)-Cu(4) 61.12(5) 
Cu(1)-I(3)-Cu(3) 60.01(5) 
Cu(4)-I(3)-Cu(3) 59.37(5) 
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Cu(4)-I(4)-Cu(2) 62.43(5) 
Cu(4)-I(4)-Cu(1) 60.92(5) 
Cu(2)-I(4)-Cu(1) 56.85(5) 
N(1)-Cu(1)-Cu(2) 142.0(2) 
N(1)-Cu(1)-I(3) 106.1(2) 
Cu(2)-Cu(1)-I(3) 111.87(6) 
N(1)-Cu(1)-Cu(3) 149.2(2) 
Cu(2)-Cu(1)-Cu(3) 59.27(6) 
I(3)-Cu(1)-Cu(3) 61.17(5) 
N(1)-Cu(1)-I(1) 106.5(2) 
Cu(2)-Cu(1)-I(1) 61.79(5) 
I(3)-Cu(1)-I(1) 109.81(6) 
Cu(3)-Cu(1)-I(1) 59.11(5) 
N(1)-Cu(1)-I(4) 103.8(2) 
Cu(2)-Cu(1)-I(4) 61.02(5) 
I(3)-Cu(1)-I(4) 111.60(6) 
Cu(3)-Cu(1)-I(4) 106.99(6) 
I(1)-Cu(1)-I(4) 118.07(6) 
N(1)-Cu(1)-Cu(4) 142.0(2) 
Cu(2)-Cu(1)-Cu(4) 62.94(5) 
I(3)-Cu(1)-Cu(4) 60.28(5) 
Cu(3)-Cu(1)-Cu(4) 59.47(6) 
I(1)-Cu(1)-Cu(4) 111.53(6) 
I(4)-Cu(1)-Cu(4) 58.32(5) 
N(2)-Cu(2)-Cu(1) 142.3(2) 
N(2)-Cu(2)-Cu(3) 142.9(2) 
Cu(1)-Cu(2)-Cu(3) 62.51(6) 
N(2)-Cu(2)-I(2) 105.1(2) 
Cu(1)-Cu(2)-I(2) 112.58(6) 
Cu(3)-Cu(2)-I(2) 61.72(5) 
N(2)-Cu(2)-I(4) 106.7(2) 
Cu(1)-Cu(2)-I(4) 62.13(5) 
Cu(3)-Cu(2)-I(4) 110.31(7) 
I(2)-Cu(2)-I(4) 107.48(5) 
N(2)-Cu(2)-I(1) 103.5(2) 
Cu(1)-Cu(2)-I(1) 61.15(5) 
Cu(3)-Cu(2)-I(1) 59.90(5) 
I(2)-Cu(2)-I(1) 114.38(6) 
I(4)-Cu(2)-I(1) 118.49(6) 
N(2)-Cu(2)-Cu(4) 146.8(2) 
Cu(1)-Cu(2)-Cu(4) 61.14(5) 
Cu(3)-Cu(2)-Cu(4) 59.84(6) 
I(2)-Cu(2)-Cu(4) 59.75(5) 
I(4)-Cu(2)-Cu(4) 58.09(5) 
I(1)-Cu(2)-Cu(4) 109.64(6) 
N(5)-Cu(3)-Cu(2) 147.5(3) 
N(5)-Cu(3)-I(1) 110.0(3) 
Cu(2)-Cu(3)-I(1) 61.93(5) 
N(5)-Cu(3)-Cu(4) 136.0(3) 
Cu(2)-Cu(3)-Cu(4) 63.13(6) 
I(1)-Cu(3)-Cu(4) 113.97(7) 
N(5)-Cu(3)-Cu(1) 148.8(3) 
Cu(2)-Cu(3)-Cu(1) 58.23(6) 
I(1)-Cu(3)-Cu(1) 60.45(5) 
Cu(4)-Cu(3)-Cu(1) 60.93(6) 
N(5)-Cu(3)-I(2) 102.8(3) 
Cu(2)-Cu(3)-I(2) 60.33(5) 
I(1)-Cu(3)-I(2) 114.92(6) 
Cu(4)-Cu(3)-I(2) 60.38(5) 
Cu(1)-Cu(3)-I(2) 108.01(7) 
N(5)-Cu(3)-I(3) 103.4(3) 
Cu(2)-Cu(3)-I(3) 108.99(7) 
I(1)-Cu(3)-I(3) 108.99(6) 
Cu(4)-Cu(3)-I(3) 60.00(5) 
Cu(1)-Cu(3)-I(3) 58.83(5) 
I(2)-Cu(3)-I(3) 115.79(7) 
N(6)-Cu(4)-I(4) 114.1(3) 
N(6)-Cu(4)-Cu(3) 136.8(3) 
I(4)-Cu(4)-Cu(3) 109.07(7) 
N(6)-Cu(4)-I(3) 103.4(2) 
I(4)-Cu(4)-I(3) 112.27(6) 
Cu(3)-Cu(4)-I(3) 60.63(5) 
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N(6)-Cu(4)-I(2) 103.3(2) 
I(4)-Cu(4)-I(2) 107.42(6) 
Cu(3)-Cu(4)-I(2) 60.21(5) 
I(3)-Cu(4)-I(2) 116.21(6) 
N(6)-Cu(4)-Cu(1) 149.5(2) 
I(4)-Cu(4)-Cu(1) 60.76(5) 
Cu(3)-Cu(4)-Cu(1) 59.60(6) 
I(3)-Cu(4)-Cu(1) 58.60(5) 
I(2)-Cu(4)-Cu(1) 106.84(6) 
N(6)-Cu(4)-Cu(2) 151.2(2) 
I(4)-Cu(4)-Cu(2) 59.47(5) 
Cu(3)-Cu(4)-Cu(2) 57.03(6) 
I(3)-Cu(4)-Cu(2) 104.76(6) 
I(2)-Cu(4)-Cu(2) 58.30(5) 
Cu(1)-Cu(4)-Cu(2) 55.92(6) 
C(5)-N(1)-C(2) 111.9(8) 
C(5)-N(1)-C(1) 111.4(8) 
C(2)-N(1)-C(1) 113.5(7) 
C(5)-N(1)-Cu(1) 105.6(6) 
C(2)-N(1)-Cu(1) 106.5(6) 
C(1)-N(1)-Cu(1) 107.4(6) 
C(6)-N(2)-C(4) 111.6(8) 
C(6)-N(2)-C(3) 111.3(8) 
C(4)-N(2)-C(3) 113.6(8) 
C(6)-N(2)-Cu(2) 106.0(6) 
C(4)-N(2)-Cu(2) 108.1(6) 
C(3)-N(2)-Cu(2) 105.6(6) 
C(3)-N(3)-C(1)#1 117.1(8) 
C(3)-N(3)-C(7) 115.1(8) 
C(1)#1-N(3)-C(7) 116.8(8) 
C(4)-N(4)-C(8) 114.8(8) 
C(4)-N(4)-C(2)#1 117.5(8) 
C(8)-N(4)-C(2)#1 114.7(8) 
C(10)-N(5)-C(9) 114.1(10) 
C(10)-N(5)-C(13) 110.8(10) 
C(9)-N(5)-C(13) 114.1(9) 
C(10)-N(5)-Cu(3) 106.6(7) 
C(9)-N(5)-Cu(3) 103.6(7) 
C(13)-N(5)-Cu(3) 106.8(7) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,y-1/2,z    #2 -x+1,y,-z+5/2    #3 -x+1/2,y+1/2,z  
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Figure 11: Packing and network diagram for 15. Hydrogen atoms omitted for clarity. 
Ligand shown as wireframe. See Figure 7 for color scheme.  
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Figure 12: Repeat unit for 15. Hydrogen atoms omitted for clarity. Ligand shown as 
wireframe. See Figure 7 for color scheme.   
 
 
Figure 13: Calculated X-Ray powder diffraction of 15 
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Figure 14: Experimental X-ray powder diffraction of 15 
 
Luminescence Spectroscopy  
Many of the complexes synthesized are luminescent at room temperature under 
relatively long wavelength UV irradiation. Excitation and emission spectra were 
collected for all luminescent samples as bulk powders. The wavelengths of maximum 
excitation (λmax, exc) and the wavelengths of maximum emission (λmax, em) were determined. 
In addition, quantum yield data were collected to determine the luminescent efficiency of 
the complexes. In order to determine the quantum yields, a fluorilon disk was used as a 
perfect scatterer. Initially a scan of only the fluorilon was taken wherein the reflection 
intensity from the fluorilon was measured to determine the excitation irradiance. Then a 
second scan was taken wherein the fluorilon disk was partially covered by the sample 
powder. The light absorbed the sample either is emitted as luminescence or dissipated via 
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a non-radiative process. The emitted luminescence can be measured quantitatively, and 
thus a quantum yield calculation can be made by comparison to the loss of fluorilon 
reflectance intensity. Although all intensity measurements are made with arbitrary units, 
the quantum yield is a percentage relative to the fluorilon disk, so the measurement is still 
appropriate. Quantum yield, Φ, and is defined by the following equation:    
     
     
 , 
where Iemit represents the emitted luminescence intensity, I represents the intensity at the 
excitation wavelength of only the fluorilon disk, and Io represents the intensity at the 
excitation wavelength with the sample partially covering the fluorilon disk.  
Table 7: Summary of Luminescence Spectroscopy Results for CuX complexes 
Compound Visible 
Color 
λmax, exc  
(nm) 
λmax, em 
(nm) 
Quantum 
Yield, Φ 
(%) 
(CuBr)2(Pip), (1) gray/white 360 573 < 1 
     
(CuBr)2(MePip), (3) green  246 570 8.87 
     
(CuBr)2(Me2Pip), (5) Green 337 564 1.49 
     
(CuBr)2(Et2Pip), (8) pale green 244 572 --- 
     
(CuBr)2(HMTA)·½MeCN, 
(13a) 
White 354 529 < 1 
     
(CuI)2(Pip), (2) White 405 565 < 1 
     
(CuI)2(MePip), (4) pale green 331 574 11.4 
     
(CuI)2(Me2Pip), (6) White 330 520 94.2 
     
(CuI)2(EtPip), (7) pale green 276 455 < 1 
     
(CuI)2(Et2Pip), (9) white 327 446 --- 
     
(CuI)2(DABCO), (12) white 335 524 11.3 
     
(CuI)3(HMTA)·½MeCN, (14a) white 309 568 17.9 
     
(CuI)(HMTA), (14b) white 309 571 16.5 
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(CuI)2(TATD)·1½MeCN white 338 542 10.6 
 
Discussion 
 The synthesis  and characterization of copper(I) bromide and copper(I) iodide 
complexes with diamine and tetramine ligands is an extension of several studies 
conducted in the Pike group. The use of a reflux and ambient temperature stirred 
technique produced bulk microcrystalline products in a good yield and acceptable purity. 
Particularly for the diamine compounds, the bulk products frequently matched both the 
stoichiometry and the phase of the crystalline compound, when crystalline products were 
produced successfully. For the compounds produced with HMTA, some degree of 
stoichiometric diversity was introduced because two different compounds were 
confirmed for both copper(I) iodide and copper(I) bromide with HMTA.  
 The various products of HMTA either copper(I) halide were produced via 
manipulation of mixing stoichiometries and  temperature control. In addition to pursuing 
different mixing stoichiometries in acetonitrile for the synthesis of HMTA networks, the 
use of other organic solvents was attempted. Copper(I) iodide and copper(I) bromide are 
only significantly soluble in acetonitrile and mineralized water. However, HMTA is 
soluble in many other common organic solvents such as methylene chloride and methanol, 
and HMTA is also highly soluble in water. In attempts to exploit the solubility of HMTA, 
a solution of HMTA in methylene chloride was refluxed with suspended copper(I) 
bromide or copper(I) iodide. A similar procedure was attempted in methanol. 
Additionally a synthesis from a suspension of both HMTA and copper(I) iodide was 
attempted in toluene. Although there was some evidence of reaction for the suspension 
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techniques, the acetonitrile synthesis was far more effective, and thus all bulk synthesis 
were carried out in acetonitrile. Solid state reactions in which HMTA or TATD were 
ground together with copper(I) iodide of copper(I) bromide in the presence of trace 
solvent were also relatively unsuccessful in producing reaction products.  
 The two novel structures reported both feature tetramine ligands, and they exhibit 
some similarities and some significant differences. Most notably, both the 
(CuBr)(HMTA)∙½MeCN network and the (CuI)4(TATD)2 network feature four-
coordinate copper atoms and only bidentate ligands. Despite all attempts to produce more 
copper-rich networks, relatively copper-poor networks were repeatedly formed. In terms 
of synthesizing crystalline products, growing X-ray quality crystals proved to be a very 
difficult task for HMTA and TATD complexes, as can be inferred from the many 
compounds herein lacking crystal structures. Particularly for the tetramine ligands, 
precipitates formed so quickly that it proved difficult to produce crystals that were 
sufficiently large for X-ray diffraction. Nevertheless, through careful execution of the 
diffusion technique, the two crystals whose structures are presented in the current study 
were produced.  
 For structural results, the two tetramine-containing structures did not introduce as 
much structural diversity as they might have, considering that both tetramine ligands 
behave as bidentate ligands. Several structures containing copper(I) halides and diamine 
ligands have been previously reported.
18 
The structural motifs contained in the Cu2Br2 
rhomboid in the (CuBr)(HMTA)∙½MeCN network and the Cu4I4 cubane in the 
(CuI)4(TATD)2 network had been previously reported in similar structures with diamine 
ligands.
18
 Figure 15  contains examples of Cu2I2 rhomboid containing structures from 
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past structures.
25
 In the (CuBr)(HMTA)∙½MeCN network, the Cu2Br2 rhomboids were 
linked by pairs of ligands, whereas previously the rhomboid containing chains were 
connected by single ligands as seen in the structures of (CuI)2(Et2Pip), (CuI)2(Bz2Pip), 
and (CuI)2(Phen2Pip).
18
 For the (CuI)4(TATD)2 network, a series of 2D sheets, was most 
similar to the structure of (CuI)4(Me2Pip)2. The (CuI)4(Me2Pip)2 network consisted of a 
3D honeycomb network; however, one layer of the honeycomb layer does resemble one 
sheet of the (CuI)4(TATD)2 network because both contain a series of connected rings. 
The rings for the (CuI)4(Me2Pip)2 are notably larger than those in the (CuI)4(TATD)2 
network. The porosity of the (CuI)4(Me2Pip)2 network can been viewed in Figure 16.
25
 
Previously reported networks have shown significant and varied porosity. For example, 
several phases have been reported of copper(I) iodide-DABCO networks which contain 
various levels of porosity. One known phase, (CuI)4(DABCO)4, contains large six 
membered rings contributing significantly more porosity than exists in either the 
(CuI)4(Me2Pip)2 or the (CuI)4(TATD)2 network.
26 
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Figure 15: A, (CuI)2(Et2Pip), B, (CuI)2(Bz2Pip), C, (CuI)2(Phen2Pip) 
(CuBr)(HMTA)∙½MeCN networks with a single chain viewed. Hydrogen atoms omitted 
for clarity. Ligand is shown as wireframe. See Figure 7 for color scheme.
25
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Figure 16: (CuI)2(Me2Pip) network with one layer of the 3-D honeycomb network shown. 
Hydrogen atoms omitted for clarity. Ligand is shown as wireframe. See Figure 7 for 
color scheme.
25,18
 
 
 The luminescence spectroscopy results show a tendency toward λmax, exc  in the 
low 300 nm range and λmax, em in the mid 500 nm range. Notable exceptions are 
(CuI)2(Et2Pip) and (CuI)2(EtPip), emit at 446 nm and 455 nm respectively. Both of these 
materials are unusual because they consist of Cu2I2 dimers linked to polymeric chains by 
single ligands, and thus feature three-coordinate copper centers. Another general trend in 
the results is toward very weak luminescence, which was in evidence both by the naked 
eye and by quantum yields for several compounds being less than 1%. Exclusive of 
(CuI)2(Me2Pip), all other compounds reported featured a quantum yield below 20%. A 
low quantum yield can be by a variety of factors, including tight packing which can result 
in adjacent atoms transferring energy to each other in a non-radiative fashion.  
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Conclusion 
In the current study, the synthesis and characterization of several self-assembling 
copper(I) halide metal-organic networks has been presented. Two types of products were 
reported: bulk microcrystalline powders and X-ray quality crystals. The bulk compounds 
were synthesized via reflux or an ambient temperature stirred reaction. All reported bulk 
microcrystalline powders were characterized via solid state analytical techniques to 
confirm stoichiometry and phase. Two novel crystal structures were reported for the 
(CuBr)(HMTA)∙½MeCN network and for the (CuI)4(TATD)2 network.  The two novel 
crystal structures reported in the current study both resulted from a solution diffusion 
technique. For the two tetramine ligands studied, HMTA and TATD, attempts were made 
to synthesize more copper-rich phases, but none were successfully produced. 
Luminescence spectroscopy was used in the current project for preliminary study 
of the photophysics of the presented compounds. Upon irradiation at 365 nm, many of the 
bulk microcrystalline products featured in the current study emitted at room temperature 
in the visible region. Both emission and excitation spectra and quantum yields were 
collected. More extensive study of the photophysical properties of the presented 
compounds is beyond the scope of this project.  
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